Uniform magnetic field distribution of a spatially structured resonant coil for wireless power transfer A spatially structured resonant coil with uniform magnetic field distribution for wireless power transfer is presented. The characteristics of the proposed resonant coil are verified by the theoretical analysis, simulation results, and experimental measurements. Due to the uniform magnetic field distribution, the overall transfer efficiency between the transmitting and receiving resonant coils can be improved up to 44% compared to the conventional coil regardless of the location of the receiving coil at the transfer distance. V C 2012 American Institute of Physics.
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Inductively wireless power transfer (WPT) is used in various applications to charge products including, but not limited to, electric-powered transportation carts, power tools, and cooking appliances. In particular, wireless power chargers for portable electronic devices, such as mobile phones, personal digital assistants (PDAs), or E-readers, have recently entered the market. This can enhance the convenience of charging portable devices without any cumbersome power cord. [1] [2] [3] [4] For efficient nonradiative mid-range WPT, the resonant coupling method which uses resonant transmitting and receiving coils is being developed. 5 The transfer efficiency of WPT using the resonant coupling method is sensitive to various conditions including a receiving coil at different operating distances, close proximity of a metallic object, or multiple receiving devices because it is difficult to maintain a high Q-factor. [6] [7] [8] Although several techniques such as automatic impedance matching circuit, frequency tracking, and metamaterials have been studied to obtain the stable efficiency of WPT on near-field, impedance mismatch has still been a problem when a receiving coil is deviated from the concentric position with respect to a transmitting coil. [9] [10] [11] [12] Due to the frequency splitting caused by misalignment between transmitting and receiving resonant coils, the WPT efficiency is significantly impaired at the operating frequency. Furthermore, a general transmitting resonant coil with a larger loop size than that of a receiving resonant coil for charging portable devices has uneven magnetic field distribution above the charging surface, and thus causes variation of transfer efficiency based on misaligned positions of receiving devices. [13] [14] [15] In this letter, the spatially structured resonator with perpendicularly uniform magnetic field distribution above the charging surface is proposed to prevent the transfer efficiency degraded by impedance mismatch due to a misaligned receiving resonant coil. Figs 
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On the other hand, the magnetic fields of a rectangular coil at corners are significantly higher than at the sides due to the superposition of the adjacent magnetic field. In order to solve the problem, a proposed coil with a spatial structure in Fig. 1 (b) has a vertical tilt feature which prevents the peak magnetic fields at corners of the rectangular coil. If the tilted angles (/ 1 and / 2 ) are defined from the transverse and longitudinal directions, / 1 and / 2 are calculated using vertically tilted length Fig. 1(b) . H pro z can be calculated as 
p i;j;L ðx; y; lÞ and q i;j;W ðx; y; lÞ are defined as Eqs. (5) and (6) 
To verify the operating principles and improved performance compared to a typical coil, the proposed coil having line width (w ¼ 10 mm) and vertically tilted length (d ¼ 10 mm) on loop area (220 mm by 180 mm) was designed and fabricated on a glass epoxy FR4 substrate ( r ¼ 4.4, tand ¼ 0.02, substrate thickness t sub ¼ 1 mm) with copper (thickness t cop ¼ 35 lm). Due to the spatial structure with a vertically tilted angle at the corners, the proposed coil was assembled by four single-sided Printed Circuit Boards (PCBs) having bending wiring patterns. Applying for a wireless charger having an NFC 16 function, our target operation frequency was set to 13.56 MHz in the Industrial, Scientific and Medical (ISM) band, which is appropriate for wireless powering and high data transmission to mobile devices. We simulate the conventional and proposed threedimensional coils in Figs. 1(a) and 1(b) using the finitedifferent time-domain (FDTD) method. According to Fig. 2 , the perpendicular magnetic field distribution at h 1 of the proposed structure shows the distinction from the conventional coil. The H ref z of the conventional rectangular coil has a six times more peak value at the corner than at the center, whereas the H pro z of the proposed coil remains unchanged at the distance of h 1 .
Using Eqs. (1) and (3) for the theoretical analysis, we can numerically calculate the H ref z and H pro z at the distance of h 1 from the coil. When normalized on the basis of the H z at the center, Fig. 3 compares the calculated and simulated normalized magnetic fields for various directions, namely, longitudinal ( Fig. 3(a) ), transverse ( Fig. 3(b) ), and diagonal ( Fig. 3(c) ) at h 1 . Approaching to the close proximity of the coil, the normalized magnetic fields of the conventional coil get significantly higher than those of the proposed coil. The maximum magnetic field deviation occurs at the corner of the coil. Meanwhile, there is good agreement between the calculated and simulated results when the proximity of the coil decreases. This is because the current (I) is uniformly distributed across the cross section (w by t cop ) of the coil to compute the calculated magnetic field, and the simulated error is generated due to the mesh truncation in the FDTD method.
To demonstrate the enhanced transfer efficiency of the proposed coil for WPT in both simulation and measurement, the conventional and proposed coils are used as the transmitting coils, and the receiving coil having two turns is made by the loop area of 55 mm by 35 mm. Moreover, series and parallel capacitors for impedance matching are added to the transmitting and receiving coils. When the receiving coil is located at a distance, h 1 , from the center of the transmitting coil, the equivalent capacitances can be determined. In this case, the transmitting and receiving coils are in resonance, and the resonant frequencies of the transmitting and receiving coils are the same. The maximum transfer efficiency for WPT is obtained. The transfer efficiency between the transmitting and receiving coils is measured by connecting each of the transmitting and receiving coils to a two-port vector network analyzer (VNA). Fig. 4(a) shows the simulated and measured transfer efficiencies using the conventional transmitting coil at the center and the receiving coil at offset positions from the transfer distance (h 1 ). At the operating frequency of 13.56 MHz, the measured transfer efficiency significantly decreases from 83% to 52% when the receiving coil is moved away from the center of the transmitting coil. However, Fig. 4(b) shows that the proposed transmitting coil has no variation in the transfer efficiency regardless of the positions of the receiving coil. At the distance of h 1 from the proposed coil, the measured minimum efficiency is about 75%, which is significantly higher than that of the conventional transmitting coil. Compared to the conventional coil, the proposed coil shows a relative improvement of 44% in transfer efficiency. Fig. 5 shows the transfer efficiency of the transmitting coil with regard to the positions of the receiving coil from different distances (h 1 ¼ 5 mm and h 2 ¼ 10 mm). When the receiving coil is located at the center position, the impedance matching between the transmitting and receiving coils is done at h 1 and h 2 , respectively. Fig. 5(b) shows the improved overall efficiencies using the proposed coil regardless of the position of the receiving coil at various distances.
In conclusion, we proposed a spatially structured resonant coil with uniform magnetic field distribution for WPT. Based on the theoretical analysis and numerical simulation, the uniform characteristic of the proposed coil was demonstrated. Additionally, experimental validation by measuring the overall efficiency with regard to the position of the receiving coil was conducted and compared with the simulated results. The minimum transfer efficiency of 75% at h 1 ¼ 5 mm can be achieved wherever the receiving coil is located at a transfer distance of h 1 . The WPT system with the proposed coil shows an improved transfer efficiency of 44% compared to the conventional coil and verifies the non-degraded WPT efficiency with a uniform magnetic field distribution. 
